Zymosan (non-boiled) induced glycogenolysis biphasically, with no lag time, in the perfused rat liver. After the zymosan was boiled, it could be separated into two fractions, both of which stimulated glycogenolysis independently. The soluble fraction of boiled zymosan (zymosan sup) showed homologous desensitization, indicating that zymosan sup-induced glycogenolysis is a receptor-mediated event. Mannan (polymannose), which is known to be a biologically active component of zymosan, induced a glycogenolytic response similar to that produced by zymosan sup, and desensitized the response to the latter. Preinfusion of platelet-activating factor (PAF, 20 nM) or isoprenaline (10 ,tM) did not extinguish the glycogenolytic response to zymosan sup, while the response to a secondary infusion of PAF was blocked. The glycogenolytic response to zymosan sup was completely inhibited by nordihydroguaiaretic acid (NDGA, 10 UM), a lipoxygenase inhibitor, and by ONO-1078 (100 ng/ml), a leukotriene (LT) D4 receptor antagonist. On the other hand, the glycogenolytic effect of zymosan pellet (the particulate fraction of boiled zymosan) was not affected by preinfusion of zymosan sup, and was inhibited by ibuprofen (20 gM), a cyclo-oxygenase inhibitor. Prostaglandins (PGs) detected in the perfusate were augmented with infusion of zymosan pellet. Opsonization of the zymosan pellet by serum (complement) enhanced the glycogenolytic response without a lag period, and with a concomitant enhancement of PG output.
INTRODUCTION
The synthesis and breakdown of glycogen in parenchymal liver cells is under strict hormonal regulation. In addition to the effects of the classical hormones, evidence has accumulated that non-parenchymal cell-derived factors, including prostanoids, platelet-activating factor (PAF) and interleukins, are also involved in glucose production [1] [2] [3] [4] [5] [6] [7] [8] .
Non-parenchymal cells, especially Kupffer cells and endothelial cells in the liver, have been shown to possess on their surfaces endocytic receptors for IgG, complement, mannose residues [9] [10] [11] [12] and PAF [13] . Activation of Fc receptors by heataggregated IgG induces PAF production and then glycogenolysis in the perfused rat liver [14] . Exogenously infused PAF is capable of inducing a glycogenolytic response in a dose-dependent manner [15] . PAF-mediated events are characterized by homologous desensitization of the PAF-induced response [15] and by ,8-adrenergic agonist-induced heterologous desensitization of the PAF-induced response [16] . The glycogenolytic response to Fc receptor stimulation is also blocked by pretreatment with ,-adrenergic agonists [14] .
Fisher et al. [17] reported that phagocytosis of particle (zymosan)-induced glycogenolysis was mediated by PAF, as prior infusions of zymosan resulted in homologous desensitization of the glycogenolytic response to zymosan and heterologous densensitization of the glycogenolytic response to PAF. Dieter et al. [18] reported that zymosan-induced glycogenolysis was sensitive to inhibitors of eicosanoid synthesis. On the other hand, zymosan has been shown to be ingested by peripheral macrophages through mannose/GlcNAc receptors [19] , as zymosan has mannan (polymannose) as a biologically active component [20] . Thus it is likely that a mannose receptor is involved in the mechanism of zymosan-induced glycogenolysis. However, previous reports pay no attention to mannose receptors.
Here, we have re-investigated the effects of zymosan on glycogenolysis in perfused rat livers in terms of the involvement of mannose receptors. We found (1) that different preparations of zymosan induced glycogenolysis by different mechanisms, one of which is thought to act via a mannose receptor through the production of peptide-LTs, and (2) that the phagocytosis-induced glycogenolysis is mediated by prostanoid synthesis, which is potentiated in the presence of complement. 
EXPERIMENTAL

RES.JLTS
Infusion of non-boiled zymosan induced an immediate increase in glucose production and oxygen consumption (Fig. 1) . At 2 min after the start of infusion, a steep decrease in oxygen consumption, followed by suppression of glucose production, began. After cessation of infusion, oxygen consumption returned to the control level and a second peak of glucose release was observed. However, our results differed from those of Dieter et al. [18] , who showed that zymosan stimulated glycogenolysis as a single peak after a lag period of about 1-1.5 min. To determine whether this difference was caused as a result of different preparations of zymosan, we prepared zymosan after boiling as described by Dieter et al. [18] . The boiled suspension was separated into two fractions by centrifugation, and both fractions stimulated glucose output. Zymosan pellet increased glucose production and oxygen consumption in parallel, with a lag time of 1.5 min (Fig. 2 ). On the other hand, zymosan sup caused biphasic glucose production, with a marked decrease in oxygen consumption after a short lag period (Fig. 3) .
To determine which of the responses observed above were mediated by mannose receptors, mannan (polymannose) was infused (Fig. 4) . Mannan caused changes in glucose production and oxygen consumption very similar to those induced by zymosan sup (Fig. 3) . In repeated infusions of zymosan sup or mannan with intervals of 20 min between them, the glycogenolytic response to the second infusion of zymosan sup or mannan disappeared (Table 1 ). The administration of zymosan sup after infusion of mannan was also without effect on glycogenolysis ( Fig. 4 and Table 1 ). These results indicate that zymosan sup may be rich in mannan. Zymosan pellet, added after infusion of zymosan sup or mannan, stimulated glycogenolysis in a manner similar to that observed in Fig. 2 ( Table 1 ), indicating that zymosan was separated into different characteristic substances by boiling. On the other hand, the rise in glucose production with non-boiled zymosan was retarded by 1 min, as compared with the results shown in Fig. 1 , after mannan was infused first (Fig. 4) , and the marked suppression of oxygen consumption and biphasic glucose production seen in Fig. 1 were blocked. Mannose receptors have been shown to be distributed in Kupffer cells and endothelial cells [10, [24] [25] [26] . Ovalbumin, which contains mannose residues, and mannose are thought to be cleared from the circulation via the mannose receptors on endothelial cells. When ovalbumin or mannose was infused, even at a high concentration (1.5 mg/ml), neither of them stimulated glucose production to any great extent: changes in glucose production induced by ovalbumin and mannose were 3.67 + 1.82 ,umol/h per g of liver (n = 4) and 9.17 + 1.38 ,umol/h per g of liver (n = 3) respectively.
We next determined whether the glycogenolytic response to mannose receptor activation was mediated by PAF. PAF (20 nM) also induced glycogenolysis as reported previously [15] , and repeated infusion of PAF did not result in any glycogenolytic response (Table 1) . Although the response to zymosan sup after PAF infusion was somewhat decreased compared with the response to zymosan sup alone, a significant increment of glucose production and suppression of oxygen consumption induced by zymosan sup were observed ( (Fig. 3) . Moreover, the responses were also sensitive to ONO-1078, an LTD4 receptor antagonist (Fig. 3) , indicating LTD4-mediated events. NDGA also inhibited the decrease in oxygen consumption induced by non-boiled zymosan, and modulated the pattern of glucose release (Fig. 1) . The response to zymosan pellet was not affected by NDGA; basal and maximal glucose production were 19.1 +2.52 umol/h per g of liver and 52.3 +4. 43 ,mol/h per g of liver (n = 3) respectively.
When a cyclo-oxygenase inhibitor, ibuprofen at 20 #M, was used, the glycogenolytic response induced by the zymosan pellet was significantly suppressed, while the glycogenolytic response to non-boiled zymosan or zymosan sup was not ( Table 2 ). The amount of PGD2 in the perfusate was enhanced by infusion of zymosan pellet or non-boiled zymosan, but not by zymosan sup or mannan (Table 3) .
Next, in order to determine whether a lack of mannan, as an opsonin, retards the glycogenolytic response to the zymosan pellet, we opsonized the zymosan pellet with rat serum. Serum treatment of the zymosan pellet caused a rapid increase in glucose production and oxygen consumption (Fig. 2) . When rat serum was preheated at 56°C for 30 min, the changes induced by the serum were almost the same as those with zymosan pellet Fig. 3 ). Significant differences between before and after infusion are expressed by: *P < 0.05; **P < 0.01; ***P < 0.001, and those between control and ibuprofen treatment are indicated by tP < 0.05; ttP < 0.01; tttP < 0.001. Table 3 . Efflux of PGD2, PGE2, PGF2, and 6-oxo-PGFl into the perfusate after various types of stimulation
The perfusates were collected before and during stimulation, as shown in Figs. 1-4 and Table 2 . PGD2 in the perfusate (a), and PGD2, PGE2 PGF2, and 6-oxo-PGFla (b) were assayed as described in the Experimental section. Significant differences between before and after infusion are expressed by *P < 0.05; **P < 0.01; ***P < 0.001, and those between control and ibuprofen treatment are indicated by tP < 0.05; ttP < 0.01; (Fig. 2) . Serum alone had no effects on glucose production: the change in glucose production was 4.32 + 2.12,mol/h per g of liver (n = 3). These results indicate that complement facilitates the recognition of particles and enhances the production of glycogenolytic mediators as compared with the effects ofzymosan pellet alone.
To determine which types of PGs are involved in zymosan pellet-induced or serum-treated zymosan pellet-induced glycogenolysis, PGF2<,, PGE2,6-oxo-PGF,. and PGD2 were measured.
PGs detected in the perfusate increased significantly with infusion of zymosan pellet or serum-treated zymosan pellet, and opsonization by serum enhanced release of PGs as compared with zymosan pellet (Table 3) . Stimulation of PG production was inhibited by ibuprofen (Table 3) . When the relationships between glucose production and PGs in the perfusate were investigated, it was found that PGD2 (r = 0.832), PGF2., (r = 0.872) and PGE2
(r = 0.752) were highly correlated with glucose production, while 6-oxo-PGF1. (r = 0.349) showed no correlation. These results suggested that PGD21 PGF2. and PGE2 are glycogenolytic mediators produced by the particles.
DISCUSSION
In the present study, we have clearly shown that different preparations of zymosan stimulate glycogenolysis in perfused rat liver (Figs. 1-3 ). After the zymosan was boiled, the resulting soluble fraction (zymosan sup) stimulated glycogenolysis in the same way as did mannan (Figs. 3 and 4 ; Table 1 ). Zymosan sup induced profound suppression of oxygen consumption and a biphasic increment of glucose production. This response was thought to be independent of PAF and its receptor, as neither the glycogenolytic response nor the changes in oxygen consumption were blocked by PAF or isoprenaline (Table 1) , while the PAF receptor was down-regulated by them [13] [14] [15] [16] . However, the decreased glycogenolytic response observed in these experiments may imply the presence of similar post-receptor signal transduction pathways. PAF is capable of stimulating the release of various injurious products, including LTs, from peripheral macrophages [9, 27] . As shown in Fig. 3 , NDGA, an inhibitor of LT synthesis and an LTD4 receptor antagonist, abolished the glycogenolytic response and the changes in oxygen consumption induced by zymosan sup. Moreover, (non-boiled) zymosan induced peptide-LT synthesis in resident mouse peritoneal macrophage [28] . These results suggest that mannose receptor activation, without phagocytosis, causes peptide-LT production.
The mechanism of induction of glycogenolysis by peptide-LT is still unclear, as direct actions of peptide-LTs on glycogenolysis in hepatocytes have not been reported. Infusion of exogenous peptide-LTs causes haemodynamic alternation and glycogenolysis in perfused rat livers [29] [30] [31] [32] . Haussinger and co-workers [31, 32] reported that peptide-LT began to stimulate glycogenolysis during infusion of LT, while Iwai & Jungermann [29, 30] did not observe an increase in glucose output during infusion [29, 30] . However, both groups reported that glucose output was potentiated after cessation of the infusion. Vasoconstriction induced by peptide-LT causes the restriction of perfusion of some of the parenchymal area [30] , which indicates a restriction in oxygen supply. Anoxia is a trigger for glycogenolysis [33] .
Thus it is likely that enhanced glycogenolysis after the end of peptide-LT infusion may be due to suppression of oxygen supply
Vol. 283 777 in a certain region of the liver. Endogenously peptide-LT production stimulated by mannan or zymosan sup, as discussed above, induced inhibition of oxygen consumption ( Figs. 3 and 4 ; Table 1 ) which was similar to that induced by exogenous peptide-LT [31] . Biphasic glucose production in the perfused liver was also observed after administration of high doses of PAF [15] or thromboxane analogue [31] , along with haemodynamic changes. Therefore biphasic glucose production induced by mannan or zymosan sup might be due to vasocontraction caused by peptide- LT. Carbohydrate receptors are present on various liver cells [9, 10, [24] [25] [26] 34] . Small peptides which possess mannose residues are removed from the circulation mainly via uptake by endothelial cells in the liver [10, 24] . On the other hand, Kupffer cells are unable to internalize small carbohydrate-terminal molecules such as asialofetuin [35, 36] . In the present study, infusion of ovalbumin or mannose hardly stimulated glycogenolysis. Rat Kupffer cells have been demonstrated in vitro to be hepatic sites of endogenous LT production [37] [38] [39] ; thus Kupffer cells might be responsible for mannan-induced glycogenolysis. [40] , such as endotoxin, phorbol ester [41] and bacillus Calmette-Guerin (BCG) [42] . Activation of macrophage mannose receptors enhances the secretion of protease, and one possible mechanism of downregulation is proteolysis of mannose receptors [43] .
The particle (zymosan pellet) fraction, which lacked mannan (Table 1) , stimulated glycogenolysis, and opsonization of the particles enhanced the glycogenolytic response (Fig. 2) . The glycogenolytic responses to particles were sensitive to a cyclooxygenase inhibitor (Table 2) , and were highly correlated with prostanoid release. These results suggest the involvement of prostanoid synthesis in particle-induced glycogenolysis.
Of these prostanoids, PGF2. showed the best correlation, while PGD2 was the major PG produced in perfused rat liver (Table 3 ). PGD2 and PGE2 stimulate glycogenolysis [3, 4] and PGF2activates glycogen phosphorylase in rat hepatocytes [44] .
However, PGF2, is a more powerful activator of glycogenolysis than PGD2 and PGE2 at similar concentrations in perfused liver [45, 46] . Thus the correlation between PGF2a in the perfusate and glucose production was the strongest. In contrast, the concentration of PGD2 in the perfusate was 2-3-fold higher than that of PGF2,. The concentration of PGE2 was about half of that of PGF2. (Table 3 ). In this regard, both PGD2 and PGF2. may play a major role in the process of glycogenolysis and PGE2 may play a minor role, although the actual contribution of each PG is obscure.
Amounts of PGD2, PGE2 and PGF2. release induced by serum-treated zymosan pellet were three to five times greater than those induced by zymosan pellet (Table 3) . One possible explanation is that phagocytosis of particles is accelerated by the presence of complement, and that this stimulates prostanoid synthesis in proportion to the uptake of particles. Another possibility is that activation of complement receptor also induces arachidonic acid cascade reactions. Although we could not identify which components of complement were involved in opsonization, complement C3b is known to act as a major opsonin [47] . C3b receptors are present only on Kupffer cells in the liver [10] [11] [12] . Activation of various receptors of the Kupffer cell surface activates the cyclo-oxygenase pathway [9] . Thus both of the possibilities discussed are likely to be involved in the enhancement of prostanoid synthesis.
Non-boiled zymosan induced glycogenolysis without any lag period (Fig. 1) , while a lag period appeared when the glycogenolytic response to mannan was blocked (Fig. 4 and Table 1 ), which implied that the mannose receptor might be downregulated. It is possible that mannose acts as an opsonin, like complement (Fig. 2) , and that the interaction of mannosebearing particles (non-boiled zymosan) and liver cells through mannose receptors is accelerated and increased compared with that with the zymosan pellet ( Figs. 1 and 2 ; Table 2 ). Moreover, suppression of LT synthesis by NDGA inhibited the decrease in oxygen consumption induced by non-boiled zymosan (Fig. 1) . Therefore mannose-bearing-particle-induced glycogenolysis is thought to occur by a combination of mannose receptor activation and particle phagocytosis. Release of PGD2 into the perfusate was enhanced after infusion of non-boiled zymosan, as with zymosan pellet (Table 3) . However, the rise in PGD2 release was slightly delayed compared with the rise in glucose production ( Fig. 1 and Table 3 ), and the glycogenolytic response was quite insensitive to a cyclo-oxygenase inhibitor ( Table 2 ). Other unidentified factors may be involved in mannose-bearingparticle-mediated glycogenolysis, and further work is necessary to clarify this mechanism.
We have clearly demonstrated that zymosan particles, irrespective of the presence of complement, induced glycogenolysis through the production of prostanoids in the perfused rat liver. The presence of complement enhanced the glycogenolytic response to the particles by potentiating prostanoid synthesis, and stimulation of mannose receptors caused glycogenolysis via peptide-LT production. These results support the notion that non-parenchymal cells modulate liver metabolism under various conditions [1, 2] .
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